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Electromechanical impedance (Electromechanical impedance)-based methods as potential nondestructive evaluation (NDT) techniques have been widely used in the field of structural health monitoring (SHM), especially for the civil, mechanical, and aerospace engineering fields. However, it is still difficult to apply in practical applications due to the limitations of the impedance measurement hardware, which is usually expensive, bulky, and heavy. In this paper, a small, lightweight, and low power consumption EMI-based structural health monitoring system combined with the low-cost miniature impedance board AD5933 was studied experimentally to investigate its quantifiable performance in impedance measurement and structural damage identification. At first, a simple impedance test with a free PZT patch was introduced to present the impedance calibration and measurement procedure of AD5933, and then its calibration performance was validated by comparing the signature with the one measured by a professional impedance analyzer (WK6500B). In order to further validate the feasibility and effectiveness of the AD5933 board in practical applications, a threaded pipe connection specimen was assembled in the laboratory and then connected with the AD5933 to acquire its impedance signatures under different loosening severities. The final results demonstrated that the impedance measured by the AD5933 show a good consistency with the measurements by the WK6500B, and the evaluation board could be successfully utilized for the loosening severities identification and quantitatively evaluation.
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INTRODUCTION
Electromechanical impedance (EMI)-based structural health monitoring as a NDT technique was first proposed by [1]; and exhibits great potential in the field of structural health monitoring [2–4]. In recent years, the EMI technique had been employed by researchers to assess structures in various fields and of various materials: aerospace and aircraft structures [5], concrete structures [6–8], steel structures [9–11], jacket-type offshore structures [12], and polymer and reinforced composite structures [13]. The basic principle of the EMI-based damage detection technique is to track the electrical impedance of a PZT (lead zirconate titanate) transducer, which was surface bonded onto the host structure. Owing to the interactive electromechanical coupling properties of the PZT transducer, slight changes in the physical characteristics of the host structure can be captured by detecting the changes in the electrical impedance of the PZT transducer. Thus, the health condition and service status of the host structure can be effectively evaluated by measuring the electrical impedance of the PZT transducer and comparing it with baseline data.
Though EMI-based techniques have received great attention in the area of structural health monitoring and damage identification, they still face many challenges during practical application. One of the biggest challenges is the nature of impedance measurement hardware, which is usually very expensive, bulky, and heavy, such as the professional precious impedance analyzer (WK6500B, Wayne Kerr Electronics Co., United Kingdom) with a price of approximately 10,000 USD, a mass of approximately 14 kg, and the dimensions 190 mm × 440 mm × 525 mm. With these disadvantages, it becomes very difficult for EMI-based techniques to be applied in field use for online SHM, and therefore seriously limits its wider adoption in the future.
In recent years, an AD5933 evaluation board manufactured by Analog Devices Co. (Norwood, MA, United States) has received a lot of attention in the field of SHM due to its excellent impedance measurement ability. The board is very cheap (approximately 60 USD), and is characterized by its low weight (approximately 240 g) and small dimensions (80 mm × 80 mm). The evaluation board can measure the impedance signatures up to 100 kHz with 512 maximum data points. Due to these distinguishing advantages, much research had been published around this low-cost, on-board SHM system [14–19]. For example [20], investigated the influence of the calibration process of the AD5933 on impedance measurements and validated its damage detection ability in carbon fiber reinforced polymer CFRP panels suffering delamination [21]. Successfully applied the AD5933 board to detect common defects of the glass fiber composite plates, such as delamination and cracking. All the published research showed that impedance measurement by the AD5933 board provides good consistency with measurements obtained from a professional impedance analyzer. Therefore, some researchers have demonstrated that a mini-impedance measuring board such as the AD5933 is likely to be a key part of future sensor systems, especially in the next generation of EMI-based SHM systems.
On the other hand, threaded connections have been widely utilized in pipeline engineering due to their distinguishing advantages of flexibility (aiding in assembly and disassembly), excellent bearing capacity for large axial force, good interchangeability, and reusability [22, 23]. However, in practical application this type of connection is always subjected to variable external loads and environmental pollution, which may induce cracks or loosen the connection during its service period. In this situation, it becomes necessary to guarantee a sealed and secure connection and thus reduce potential leakage risk. With the development of SHM techniques [24–26], many novel methods have been proposed by researchers in recent years to deal with this issue. For example, a distributed temperature sensing system (DTS), combined with optical fibers, has been successfully employed to detect and locate leakage along the pipelines by monitoring variations in the surrounding temperature of the pipe [27, 28]. In addition, the piezoceramic-based active sensing method combined with the time reversal technique has also been utilized to identify when the connection becomes loose and evaluate the severity of the looseness [29]. In 2018 [30], tried to apply an EMI-based technique to monitor the health condition of threaded pipe connections in real time, but the impedance signatures in this research were acquired by a professional impedance analyzer.
In this paper, the miniature impedance board AD5933 was employed as an EMI-based SHM system, and its performance in impedance measurement and damage detection was experimentally investigated. Firstly, a free PZT impedance test was carried out to present in detail the impedance calibration and measurement procedure of the AD5933, and its impedance calibration performance was also investigated by comparing the results with a professional impedance analyzer (WK6500B). Then, a threaded pipe connection was assembled in the laboratory as a test specimen and experimentally investigated to further validate the feasibility and effectiveness of the AD5933 board, especially in its damage identification ability under several different connection-loosening severities. During the experiments, all the impedance measurements taken by the AD5933 board were compared with the ones measured by the WK6500B.
ELECTROMECHANICAL IMPEDANCE PRINCIPLE
In 1994 [1], first proposed the concept of electromechanical impedance-based techniques and tried to apply them in the field of structural health monitoring. EMI takes full advantage of the dual functions of the piezoelectric patches it utilizes, which can act as both the actuator and sensor simultaneously. These unique interactive electromechanical coupling properties provide the piezoelectric patches with the potential to be employed to detect the slightest alterations in frequency response functions for the host structure. In this way, structural health condition and service status can be effectively identified.
Normally, the small sized piezoelectric transducer (lead zirconate titanate-PZT) is surface bonded onto the host structure by the high-strength adhesive, and is powered by voltage or current. Thus, for the PZT–host structure coupling system, its integrated electro-mechanical characteristics may be electrically represented by the PZT electrical impedance, which is always directly affected by the dynamics of the PZT patch and the host structure. Among them, the mechanical impedance of the PZT patch, denoted by Za ([image: image]), can be always defined as the ratio of a harmonic input voltage V ([image: image]) to the current response I ([image: image]), in which [image: image] is the angular frequency of the driving voltage. Therefore, the electrical admittance of the PZT patch, denoted by Y ([image: image]) (i.e., inverse of the electrical impedance Z ([image: image])), can be expressed in the following equation:
[image: image]
where Zs ([image: image]) denotes the mechanical impedance of the host structure, a is the geometric constant of the PZT patch, [image: image] is the complex Young’s modulus within zero electric field, [image: image] is the dielectric constant at zero stress, and [image: image] is the dielectric loss tangent of the PZT patch, d3x is the piezoelectric coupling constant in the arbitrary x direction at zero stress.
With the help of this formula, the electrical impedance of the PZT patch before and after a damage occurrence for the host structure can be calculated and compared, thus the health condition and service status of the host structure can be evaluated.
MINIATURE IMPEDANCE BOARD AD5933
As shown in Figure 1A, the AD5933, as a miniature electronic board developed by Analog Devices Co., has the ability to measure impedance across a limited frequency, ranging from a few Hertz up to 100 kHz. The evaluation board receives information, communication, and power vis USB cable when connected to a laptop which has been pre-installed with the supporting software provided by Analog Devices. As shown in Figure 1B, the AD5933 board includes an internal oscillator, signal generator (direct digital synthesizer, DDS), digital-to-analog converter (DAC), transmit amplifier, current-to-voltage converter, gain control block, analog-to-digital converter (ADC), discrete Fourier transform (DFT), digital signal processing engine, and I2C bus controller. The detailed technical specification for AD5933 is presented as Table 1.
[image: Figure 1]FIGURE 1 | AD5933 evaluation board (A) photo (B) block diagram.
TABLE 1 | Technical specification for AD5933.
[image: Table 1]For the impedance measurement, the DDS and DAC work together to generate an analog frequency sweep signal, which is then amplified and sent out as an output signal to excite the measured impedance. Then, working together with the current obtained from gain resistor RFB, the response signal in the form of electric current is converted to voltage by current-to-voltage converter, and then processed by the ADC and DFT engine after gain. In this way, the real and imaginary data of the impedance can be calculated by the DFT engine and then sent to the I2C controller, and finally transmitted to the laptop via USB cable.
It should be noted that the evaluation board also has a high performance trimmed 16 MHz surface-mount crystal that can be used as a system clock for the AD5933 when needed. Communication and interfacing to the AD5933 board is via a USB cable connected to a laptop, which controls and generates the I2C signals. With the help of the pre-installed dedicated software developed by Analog Devices, some related work can be done on the laptop, including setting working parameters (the frequency and gain etc.), reading the temperature from the internal sensor, performing calibration, and conducting and storing the measurements.
CALIBRATION PROCEDURE AND PERFORMANCE FOR AD5933
Calibration Procedure
For evaluation of the AD5933 board, a proper calibration before measurement is of critical importance and directly influences the accuracy of the final measurement. Calibration of the AD5933 evaluation board is required each time the software or hardware is restarted or reset. In this research, in order to present the calibration procedure in detail and investigate the calibration performance of the AD5933 board, a free PZT patch was employed to connect to the AD5933 board and conduct the calibration and impedance measurement test.
According to the documentation [31], the calibration gain factor can be calculated in two different ways, i.e., mid-point or multi-point frequency calibration. In this study, the mid-frequency point calibration method combined with a resistor with known resistance value was selected because of convenience, and the influences to the impedance measurement stemming from different calibration methods can be further studied in future works. In this situation, it should be noted that this calibration approach works correctly only for measurements related to electronic elements like resistors with purely resistance characteristics. Therefore, the detailed calibration procedure can be summarized as following:
1) Obtaining the referential measurements
First, a professional impedance analyzer was connected with the free PZT patch, and a wide frequency excitation was applied to the patch. Then, the corresponding impedance signature of the PZT patch was measured and analyzed to select the sensitive frequency band. In addition, the minimal and maximal impedance magnitude was also obtained.
2) Selection of RCAL and RFB
According to the application note report published by [32]; the value of the calibration resistor RCAL should be equal to:
[image: image]
where Zmin, Zmax denote the minimal and maximal impedance of the measured PZT element, respectively. Based on the pre-test results of step (1) (Zmin, Zmax), the calibration resistor RCAL was first determined, and then the referential resistor RFB was also selected as RFB = RCAL (in the pure resistance case).
3) Calibration
After the RCAL and RFB resistors were determined and then connected to the AD5933 board at the desired position, the related evaluation parameters of the board could be set by the evaluation software dashboard. After that, an impedance measurement can be conducted, and thus several related parameters can be respectively, calculated by the acquisition of the real RZ and imaginary IZ datasheet, for example, the magnitude M, the gain factor GF, and the phase [image: image]AD5933.
When the real and imaginary data of the impedance have been obtained by AD5933, the magnitude of the known resistance RCAL can be calculated as:
[image: image]
Based on the calculated magnitude M, the gain factor GF could be obtained by following the formula:
[image: image]
where YCAL, ZCAL refer to calibration admittance and impedance, respectively. In this study, calibrating resistor RCAL is utilized instead of impedance ZCAL.
On the other hand, the phase [image: image]AD5933 was calculated using the general formula:
[image: image]
4) Measurement
Measurement was taken by removing the RCAL resistor from the board and connecting it to the free PZT patch instead, then conducting an impedance measurement using the AD5933 board, and acquiring the real and imaginary data for the impedance. In this situation, the impedance magnitude of the free PZT patch can be achieved following the equation:
[image: image]
where MPZT is the impedance magnitude for the piezoelectric transducer calculated based on Eq. 2. At the same time, the phase [image: image] was also calculated following Eq. 4.
5) Calibration for the measurement
Based on the phase [image: image]AD5933 in step 4) and the phase [image: image] in step (5), the corrected phase [image: image] for the PZT patch can be calculated by following the equation:
[image: image]
6) Extraction of the real and imaginary data
Based on the corrected ZPZT in step 4) and the phase [image: image] in step (5), the real RPZT and imaginary XPZT of the PZT impedance can be calculated as:
[image: image]
[image: image]
[image: image]
where [image: image]PZT is phase angle between real and imaginary part of admittance.
Calibration Performance
In this calibration test for a free PZT patch, the sweep frequency band was selected as 10–30 kHz following the calibration procedure in step 1) of the last section, and the calibration resistor RCAL was selected as 10 k[image: image]. Then, the real and imaginary part of the PZT impedance can be calculated with the AD5933 board following the above calculation procedures. On the other hand, in order to further validate the calibration performance, a professional impedance analyzer (WK6500B) was employed here to measure the PZT impedance as the reference.
Characteristics measured by the WK6500B and AD5933 boards with the calibration resistance 10 k[image: image] are presented in Figure 2. From the figure, it is clear that the impedance signal measured by the calibrated AD5933 board presents a good consistency with the result measured by the WK6500B, especially for the imaginary part. For the real part of impedance, these characteristics remain similar, however differ a little considering their values, but the frequencies corresponding to peaks are almost the same.
[image: Figure 2]FIGURE 2 | Comparison of impedance measurements for WK6500B and AD5933: (A) the real part, and (B) the imaginary part of the impedance.
Based on the results, it can be concluded that the AD5933 evaluation board has the potential to be utilized as an impedance analyzer to acquire the electromechanical impedance signal of the host structures after proper calibration.
On the other hand, it should be noted that many factors, such as the A/D conversion and the inherent electrical impedance of the internal chips, may induce the difference between the impedance signatures measured by the AD5933 and the professional impedance analyzer. In addition, the calibration process of AD5933 will also significantly influence the measurement result, for example, the selection of RCAL and RFB resistor, the selection of calibration method (mid-point frequency or multiple point frequency calibration), the number of sampling points, and the calculation of the gain factor. The temperature sensor of AD5933 requiring to measure and compensate for temperature also contributes to the differences. However, it does not seem to cause significant problems for SHM, because the impedance-based SHM is based on the relative difference between two normalized signals: the healthy condition and the test conditions [15, 33].
EXPERIMENTAL PREPARATIONS
In the above section, the detail calibration procedures of AD5933 have been discussed, its impedance measurement performance after calibration had also been verified by a free PZT transducer, and finally a good, consistent result was observed. In this section, in order to further validate the impedance measurement performance of the AD5933 evaluation board, especially in practical application, a threaded pipe connection was assembled in the laboratory and then the board experimentally investigated for its damage detection ability.
Experimental Setup
As shown in Figure 3, a pipeline connection specimen was assembled in the laboratory from two pipe segments and a threaded coupling part, and then fixed to the ground by a steel fixture. A PZT-5H patch was bonded onto the surface of the threaded connection by epoxy adhesive. Table 2 presents the detailed geometric and material parameters of the specimen and the PZT patch.
[image: Figure 3]FIGURE 3 | Experimental setup.
TABLE 2 | The parameters of the specimen and the PZT patch.
[image: Table 2]The complete experimental setup consists of the pipeline test specimen, the AD5933 evaluation board, and a laptop, as shown in Figure 3. The surface mounted PZT patch in the specimen was connected with the AD5933 board via a USB cable. The corresponding software provided by Analog Devices Co. was pre-installed on the laptop to pre-set the acquisition parameters and control the board for the impedance measurement during the test. In addition, a professional impedance analyzer, WK6500B, was employed here for result comparison.
Experimental Procedure
In the experiment, in order to quantitatively indicate the changes in the contact area of the threaded connection during the process of loosening occurring and developing, the relative rotation circles between the coupling and the pipe segment were introduced as a monitoring variable. Therefore, seven different looseness severities were established and investigated, from tightest to loosest for the contact region of the pipe connection, by rotation of the pipe segment. At the beginning of the experiment, the initial tightest status was regarded as the health baseline for the connection. Then, six loosening severities were introduced by rotating the pipe segment from one circle to six circles with the step-increase of one circle for each level of severity. Figure 4 presents the four different loosening severities of the threaded pipe connection during the experiment. Thus, a total of seven service statuses for the threaded pipe connection were implemented and investigated in this study.
[image: Figure 4]FIGURE 4 | Several loosening severities for (A) health (baseline), (B) one circle, (C) three circles and (D) five circles of loosening.
Calibration and Acquisition Procedure
In the experiment, the AD5933 evaluation board was utilized to acquire the impedance data of the test specimen under different loosening severities. As per the above description in section four, the calibration was necessary for the AD5933 board before it could be properly utilized for the impedance measurement. Therefore, based on the description on Section 4.1, the detailed calibration and measurement procedure for this AD5933-based loosening monitoring experiment can be conducted as following:
1) Firstly, a sweep frequency excitation test with the frequency range of 10–100 kHz was conducted by a professional impedance analyzer, the WK6500B. Then, the related impedance measurements including the magnitude |Z| and phase θ were obtained, and thus the calibration and reference resistors for AD5933 were determined as RCAL = RFB = 2 kΩ. In addition, the impedance-sensitive frequency range of the test specimen was also determined as from 20 to 60 kHz.
2) Secondly, the calibration resistor RCAL and the reference resistor RFB were installed on the AD5933 board in the desired positions. Then, the related measurement parameters of the board were pre-set by the control software on the laptop. Thus, a sweep excitation with the frequency range from 20 to 60 kHz and the voltage amplitude of 1 V was applied to the calibration resistor, and therefore its corresponding impedance response, including the magnitude and phase, were obtained. Finally, the gain factor GF and the phase φAD5933 were calculated, respectively.
3) Thirdly, replacing the calibration resistor RCAL with the PZT patch which was surface bonded onto the host structure. Then, a sweep frequency excitation test was conducted to the pipeline specimen using the AD5933 board with the same preset parameters as in step (2); thus the real and imaginary data of the impedance signal of the PZT patch could be obtained.
4) Fourthly, calibrating the impedance measurement in step 3) with the calculated calibration parameters, including the gain factor GF and the phase φAD5933, which were obtained from step 2) above. After that, the true impedance response of the test specimen could be calculated.
It should be noted that even though both the real and imaginary part of the impedance signatures could be measured by the AD5933 board, only the real impedance measurements will be presented and analyzed in this study. This is because some literature [34–36] has reported that the imaginary part of the impedance is dominated by the capacitive response of the PZT patch itself and less sensitive to the changes in the mechanical properties of the structure. Thus, a conclusion had been drawn that the real part (i.e., resistance R) of the impedance signature is more sensitive to changes in the structural mechanical properties compared with the imaginary part of the impedance (i.e., the reactance X).
In this study, the real part of the impedance signals, measured by WK6500B and AD5933 respectively, were presented and compared as shown in Figure 5. In the figure, it is clear that the impedance signal measured by the professional equipment has a smoother curve, but more burr phenomenon can be found in the measurements of the evaluation board. Even so, both results share the same change trend and peak position, which are more important and meaningful in the procedures of SHM and damage detection. Therefore, it can be concluded that the AD5933 evaluation board has the possibility to obtain the key information and parameters of the impedance measurement of the host structure, and has significant potential in the field of SHM and damage detection.
[image: Figure 5]FIGURE 5 | Comparison of impedance from WK6500 and AD5933 for the pipeline specimen.
During the experimental procedure, each loosening severity was investigated to acquire the impedance signal following that step (4), then the real and imaginary part of the measurement impedance could be obtained by the AD5933 board.
EXPERIMENTAL RESULT ANALYSIS AND DISCUSSION
Experimental Results and Analysis
Following the calibration and measurement procedure described above for the AD5933 evaluation board, the real part of the electrical impedance signatures of the PZT patch, which was surface bonded onto the host structure, was successfully obtained, as shown in Figure 6. From the figure, it is observed that the real part of the impedance measurement under different loosening severities presents a significant difference. This phenomenon proves that the mechanical impedance changes in the pipeline connection due to the occurrence and development of loosening could be effectively captured by the electrical impedance of the PZT patch using the AD5933 board.
[image: Figure 6]FIGURE 6 | Measured electrical impedance signatures of the PZT patch by AD5933.
In order to quantitatively distinguish the differences, the root-mean-square distance (RMSD) algorithm was employed here to help to build a looseness detection index, thus the final identification result was presented in Figure 7. In the figure, it is observed that the RMSD-based looseness detection index increases in line with the increasing loosening severity of the connection. Based on the above analysis, it can be concluded that the AD5933 impedance evaluation board has an excellent ability to acquire the impedance signature of the host structure, and presents great potential for defect identification and hazard assessment.
[image: Figure 7]FIGURE 7 | The calculated RMSD-based looseness index under different loosening severities.
DISCUSSION
In this research, a cheap impedance evaluation board—AD5933—manufactured by the Analog Device Co., was experimentally studied to investigate its impedance calibration and measurement performance. At first, a simple impedance acquisition test for a free PZT patch was conducted to help to introduce the detail calibration procedure. Meanwhile, the PZT impedance signature measured by AD5933 was compared with the result measured by the professional impedance analyzer, WK6500B, and the final comparison result presents good consistency. Then, in order to further investigate the feasibility and effectiveness of AD5933 when applied in the real SHM field, especially for practical applications, a looseness disease detection test for a threaded pipeline connection was conducted, and the final results proved that the impedance measurement by AD5933 can be successfully utilized for the identifying loosening.
However, it should be noted that even though a free PZT patch and a loosening threaded pipe connection were experimentally investigated in this study, it is still necessary and meaningful to further validate the impedance measurement performance of the AD5933 board on more complex structures and in more practical applications. This related research will be conducted in our next work.
On the other hand, similar to the professional impedance analyzer, the accuracy and precision of the impedance measurement for the AD5933 board will also be significantly influenced by some external factors, including ambient temperature, moisture, environmental pressure, etc. For example, several researchers [37, 38] had experimentally verified that changing temperature will induce difference in EMI-based detection results, including magnitude changes or frequency shifts in measured impedance signatures. Even so, it still did not affect the ability and potential of EMI to be utilized as an impedance measurement device in the SHM and damage detection fields, especially for practical application.
In its current state, due to space limitation, the study is focused on verifying the feasibility of using the AD5933 board to acquire an impedance signature and realize damage identification for a host structure, especially detecting loosening in a threaded pipe connection.
CONCLUSION
In this study, a miniature impedance evaluation board, AD5933, was studied in detail to investigate its impedance calibration and measurement performance. Compared with the professional impedance analyzer, the AD5933 is much cheaper, has smaller dimensions and a much lower weight. In this research, a simple impedance measurement for a free PZT patch was investigated, and the acquisition signatures of the AD5933 presented a good consistency with the ones measured by the professional impedance analyzer. In addition, a threaded pipe connection specimen was assembled and tested in the laboratory to further validate the feasibility and effectiveness of the AD5933 board, especially performance in damage identification. The final results proved that the AD5933 board can be successfully utilized for loosening severity identification and quantification. Based on the above research, all the investigation results demonstrated that the AD5933 board has excellent ability in impedance measurement after proper calibration, and presents great potential in the area of structural health monitoring and damage detection, especially in practical application.
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